An extravagant hypothesis 'no phenocrysts, no post-emplacement differentiation' has been put forward by Marsh, in a series of papers, for the development of mafic^ultramafic intrusions.This hypothesis is based on an assertion that the majority of these intrusions are structureless and undifferentiated because they lack residual granitic rocks. To explain this, the hypothesis postulates that phenocryst-free magmas are not able to differentiate in crustal chambers because all evolved interstitial liquid is locked in solidification fronts, producing compositionally uniform magmatic bodies. Layered, well-differentiated intrusions are attributed to the successive emplacement of magma pulses with phenocrysts of different phase and chemical compositions, rather than to slow magma cooling and fractional crystallization, as conventional models imply. Such phenocryst-laden magma pulses are supposed to be derived from an underlying magmatic mush column. However, structureless, undifferentiated, mafic^ultramafic bodies simply do not exist in nature. All wellstudied mafic^ultramafic bodies, with or without residual granitic rocks, that crystallized from parental magmas of non-eutectic composition, tend to reveal clear evidence of internal compositional differentiation in terms of crystallization sequences (e.g. Ol, Opx, Opx þ Pl, Opx þ Pl þ Cpx), mineral compositions (e.g. An in plag, En in cpx) and compatible/incompatible major and trace element geochemistry (e.g. Mg-number, Cr, rare earth elements). This is especially evident in layered intrusions that represent the key evidence against the hypothesis. Essentially, by denying the ability of magma to differentiate in intrusive bodies, the hypothesis forbids magmatic differentiation in any sub-chamber related to the entire magmatic mush column. As a result, magma pulses in which phenocrysts progressively change in composition cannot be derived from the column to form layered intrusions. The hypothesis is thus contradictory, baseless and fundamentally flawed. It should be abandoned in favour of a classical fractional crystallization model based on the pioneering experiments of Bowen and amply confirmed over almost a century by subsequent studies of layered intrusions. The classical model was, is, and will most probably remain, the best explanation for the origin of differentiated magmatic bodies.
I N T RO D UC T I O N
The key aspects of the petrological hypothesis 'no phenocrysts, no post-emplacement differentiation' are summarized in several publications (Marsh, 1988 (Marsh, , 1989 (Marsh, , 1990 (Marsh, , 1991 (Marsh, , 1996 (Marsh, , 2000 (Marsh, , 2004 (Marsh, , 2006 Zieg & Marsh, 2005) . Its popularity among some igneous petrologists (e.g. Gibb & Henderson, 1992 , 2006 Miller & Miller, 2002; Simura & Ozawa, 2006; White, 2007; Aarnes et al., 2008; Galerne, 2009) raises concern, as it is in sharp contradiction with much of what we know about the mechanisms of magma differentiation operating in differentiated sills and layered intrusions. It should be noted that this is not the first attempt to raise objections to this hypothesis. In particular, Sparks (1990) , Huppert & Turner (1991) , and Worster et al. (1990) have pointed out the misuse of fluid dynamics in controversial interpretations of crystallizing convective systems based on this hypothesis. In particular, the hypothesis states that convection is almost absent in crystallizing magma chambers (Marsh, 1988 (Marsh, , 1989 , an assertion that is in sharp contradiction with both a theory of fluid dynamics (Huppert & Turner, 1991; Worster et al., 1992) and natural observations (Sparks, 1990) . Despite these criticisms the hypothesis is actively promoted and has been recently employed to reinterpret the origin of classical objects of igneous petrologyçmafic^ultramafic layered intrusions (Marsh, 1996 (Marsh, , 2006 . The significance of layered intrusions to igneous petrology cannot be overemphasized: they represent 'fossilized' natural laboratories that constrain many fundamental principles of igneous petrology. Traditionally, these intrusions are viewed as products of slow cooling and fractional crystallization of basaltic magmas in crustal chambers (e.g. Wager & Brown, 1968; Parsons, 1986; Cawthorn, 1996) (Fig. 1a) . In contrast, a new hypothesis considers layered intrusions simply as accidental mechanical accumulations of 'tramp phenocrysts' entrained from an underlying mush column by numerous phenocryst-laden magma pulses (Marsh, 1996 (Marsh, , 2006 Zieg & Marsh, 2005) (Fig. 1b) . The new hypothesis thus challenges and in fact denies the fertile theory of cumulate igneous rocks begun by such petrological luminaries as Grout, Hess, Wager, Deer, Brown, and Wadsworth. This is done without mentioning such sources, but instead merely by promoting an alternative paradigm that makes no sense to students of layered intrusions. Because the potential to resolve the conflict of views with the help of numerical modelling and simple experimental studies appears to have been exhausted in the earlier discussions (Marsh, 1990 (Marsh, , 1991 Sparks, 1990; Huppert & Turner, 1991) , the best remaining way is to return to the original information recorded in the rocks themselves. They are the final 'Court of Appeal' . In accordance with this strategy, the validity of the hypothesis 'no phenocrysts, no post-emplacement differentiation' and its underlying postulates will be tested against Fig. 1 . Schematic illustration of two contrasting models for the origin of layered mafic^ultramafic intrusions: (a) the classical model that implies 'single pulse' magma emplacement followed by fractional crystallization with formation of a single-cyclic layered intrusion; by 'single pulse', is meant that the intrusion crystallizes from a single large body of homogeneous magma produced by complete mixing of numerous small magma pulses in the chamber prior to onset of crystallization; (b) the 'no phenocrysts, no post-emplacement differentiation' model that implies multiple emplacement of phenocryst-laden magma pulses (one pulse per layer) forming a single-cyclic layered intrusion. Modified after Latypov & Chistyakova (2009) . Hereafter in figures and text: Pl, plagioclase; Ol, olivine; Fo, forsteritic olivine; Fa, fayalitic olivine; Opx, orthopyroxene; Pig, pigeonite; Cpx, clinopyroxene; Qtz, quartz; Ne, nepheline; Kfs, alkali feldspar; Mag, magnetite; Ilm, ilmenite; Ap, apatite; Chr, chromite; Am, amphibole; Fe-Bust, ferrobustamite; Bt, biotite; Zrn, zircon. observational data from mafic^ultramafic sills and layered intrusions.
A S H O RT I N T RO D UC T I O N TO T H E H Y P OT H E S I S A N D I T S U N D E R LY I N G P O ST U L AT E S
The hypothesis in question has been defined in three somewhat different, but mutually complementary, ways:
(1) 'The central or eruptible melts of sill-like bodies formed of magma initially free of phenocrysts undergo little, if any, differentiation.This is the Null Hypothesis.' (Marsh, 1996, p. 12) . (2) 'In contrast to the convection^fractional crystallization model, the Null Hypothesis states that any body of magma emplaced free of crystals will crystallize into a compositionally and mineralogically uniform layer of rock.' (Zieg & Marsh, 2005 , p. 1445 . (3) 'Instantaneous injection of crystal-free magma does not form exotically layered, well-differentiated intrusions. The Sudbury testimony is clear: no phenocrysts, no layering. This is the Null Hypothesis.' (Marsh, 2006, p. 290) .
In this paper I use the shortest wording of the hypothesis that most precisely summarizes its essence: 'no phenocrysts, no post-emplacement differentiation' (Marsh, 1996, p. 13) . Although not formulated in explicit form, the hypothesis consists of three major elements that are referred below to as postulates.
Postulate 1: The world abounds with featureless, undifferentiated mafic^ultramafic sills and large intrusions (Marsh, 1988 (Marsh, , p. 1721 Mangan & Marsh, 1992, pp. 605^606; Marsh, 2006, p. 289) . Intrusions are considered to be undifferentiated if they lack residual rocks of granitic composition. This means that any mafic^ultramafic body without granitic rocks, irrespective of the presence of phase, modal and cryptic layering, is classified as undifferentiated. Because residual granites are rare in mafic^ultramafic intrusions, most of them, according to this specific definition, fall into the group of undifferentiated bodies. In an attempt to account for this phenomenon, it became necessary to put forward the purely physical interpretation referred to as postulate 2.
Postulate 2: Phenocryst-free basaltic magmas are not able to differentiate in crustal chambers (Mangan & Marsh, 1992, p. 618; Marsh, 1996, pp. 11^13; Zieg & Marsh, 2005 , p. 1445 . This is because rapidly growing solidification fronts capture all the interstitial liquid so that it cannot mix with the main magma body. The inability of magma to differentiate is further substantiated by the belief that all crystals settling from the roof are completely dissolved in the hotter magma and that convection is non-existent in crystallizing magmatic chambers; convection ceases as soon as magma loses its initial superheat and reaches liquidus temperature. As a result, crystallization takes place from magma that is essentially stagnant throughout the entire chamber. This means that phenocryst-free magma emplaced into a crustal chamber of any size will crystallize into a solid body with an essentially homogeneous composition from top to bottom. To explain the existence of layered intrusions that show clear evidence of magmatic differentiation, the hypothesis introduced another simple physical explanation referred to as postulate 3.
Postulate 3: Layered intrusions form by successive emplacement of phenocryst-laden magma pulses (Marsh, 1996, p. 6; Marsh, 2004, p. 499; Zieg & Marsh, 2005 , p. 1446 Marsh, 2006, p. 289) . In practice, this means that each stratigraphic zone of a layered intrusion that is distinguished by a specific assemblage of cumulus phases (e.g. Ol, Opx, Opx þ Pl, Opx þ Pl þ Cpx) must be produced from at least one separate magma pulse carrying this particular assemblage of phenocrysts. As cumulus minerals in such zones commonly become progressively more evolved stratigraphically upwards (e.g. olivine Fo 80^F o 50 ), a single stratigraphic zone must actually be produced from a series of magma pulses carrying phenocrysts of systematically changing composition with time. It was suggested that such phenocrystladen magma pulses are derived from magmatic mush columns underlying layered intrusions. How such magma pulses with phenocrysts of progressively changing phase, modal, and chemical composition can be produced in these columns has not been explained.
T E S T I N G T H E VA L I D I T Y O F T H E P O ST U L AT E S U N D E R LY I N G T H E H Y P OT H E S I S
Postulate 1: The world abounds with featureless, undifferentiated mafic^ultramafic sills and large intrusions It should be emphasized that the entire hypothesis is driven by this key observation expressed in the following ways:
'The world abounds in basaltic sills up to 350 m thick with no structure; essentially uniform from top to bottom' (B. D. Marsh, personal communication, 2008) . 'The field evidence, at least for thin to moderately sized bodies (5500 m thick) would suggest not . . ..These bodies are undifferentiated, showing no cumulates and no systematic significant vertical chemical zonation' (Mangan & Marsh, 1992, pp. 605^607) . 'Thick diabase sills and gabbroic bodies like Skaergaard have made precious little progress along the liquid line of descent toward eruptible rhyolite . . . Even very large mafic, ultramafic and more hydrous bodies do not show much tendency to make silicic liquids. Why is it that the clearest examples of magma chambers, ones we can touch, show little differentiation . . . ?' (Marsh, 1988 (Marsh, , p. 1721 .
As this postulate is the backbone of the entire hypothesis, it will be subjected to particularly detailed examination. There appear to be three principal misapprehensions that gave rise to this postulate.
Misinterpretation of the concept of magmatic differentiation
It is important to realize that much confusion arises from the fact that the hypothesis implicitly introduced, and consistently follows, a unique definition of magmatic differentiation. Traditionally, magmatic differentiation is considered to be the process by which diverse rock types are generated from a single parental magma (e.g. Hess, 1989; Hall, 1996; McBirney, 2007) . In contrast, according to the hypothesis, magmatic differentiation is principally concerned with the ability of basaltic magmas to produce eruptible rhyolite. This idea is not explicitly formulated but clearly follows from the general concern about a great number of mafic^ultramafic intrusions revealing no residual granites and that are therefore referred to as showing little, if any, chemical differentiation (see quotes above and below). Following this logic, a magmatic body is interpreted as differentiated only if it produces significant amounts of residual granitic liquid: if this is not the case, the body is not differentiated. It is therefore no wonder that most known differentiated mafic sills lacking granitic rocks are classified as undifferentiated. Even such exceptionally well-differentiated bodies as the Skaergaard intrusion and the Basistoppen sill in East Greenland are interpreted as showing no internal differentiation: 'Skaergaard does show a phenomenal degree of crystal sorting or fractionation, but in terms of differentiating to produce significant amounts of siliceous liquid, it is an exceptionally poor example . . .. What about the extent of differentiation in sills? In terms of progression toward eruptible proportions of silicic magma, it is exceedingly limited . . .This is also apparently true for the Basistoppen sill of the Skaergaard which aside from granophyres shows very little, if any, systematic chemical differentiation with solidification' (Marsh, 1990, p. 849) . Such specific characterization of magmatic differentiation is deeply rooted in the erroneous belief that all basaltic magmas must necessarily evolve towards residual granitic liquids: 'that basaltic magmas eventually give rise to granitic magma through separation of crystals and melts is well established from a purely chemical perspective' (Marsh, 2002 (Marsh, , p. 2211 .
Whether a parental magma will evolve towards a residual granitic liquid or not is primarily dependent on its initial composition. There are several cases where parental basaltic magmas cannot generate residual granitic liquid, regardless of the extent of their differentiation. This is characteristic of parental magmas that lie close to the plane of silica undersaturation Ol^Cpx^Pl that represents a thermal barrier between nepheline-bearing and orthopyroxene-bearing systems (Yoder & Tilley, 1962) (Fig. 2) . One of the most obvious cases is when the parental magma is a nepheline-normative olivine basalt. Its evolution towards the granitic eutectic E 1 (Qtz þ Pl þ Opx þ Cpx ¼ L) is impossible because upon crystallization it will move away from the plane of silica undersaturation Ol^Cpx^Pl towards the nepheline olivine gabbro eutectic E 2 (Ne þ Pl þ Ol þ Cpx ¼ L) (Fig. 2) . As an example, one can mention $20 mafic sills with trace amounts of interstitial nepheline [e.g. Shiant Isles Main Sill belonging to the Little Minch Sill Complex of northern Skye (Gibb & Gibson, 1989; Gibb & Henderson, 2006; Latypov & Chistyakova, 2009) ]. Another case is when parental magmas of olivine basalt composition are located directly in the plane of silica undersaturation Ol^Cpx^Pl.
(Note that for multi-component basaltic melts this is a volume, rather than a plane.) Crystallization of such magmas in the chambers does not bring them towards saturation either in nepheline or orthopyroxene, let alone quartz. The reason for this is very simple. Because the components of these minerals were absent in the parental magma from the very beginning, these minerals cannot appear in the residual melts however efficient fractional crystallization may have been in the chamber. In other words, all basaltic magmas that compositionally fall directly into this plane (volume) will remain there up to the end of their crystallization. One of the best examples of intrusions produced from such parental magmas is the suite of $300 gabbro^wehrlite intrusions in the Pechenga area, Kola Peninsula, Russia (Gorbunov et al., 1985; Hanski, 1992; Latypov et al., 2001) that are distinguished by the absence of both nepheline and orthopyroxene. Yet another example is when the parental magma is represented by an olivine basalt with negligible amounts of normative orthopyroxene (5 1^2 wt %). Under most favourable conditions, such magmas upon crystallization of their trapped interstitial liquid may probably reach the olivine gabbronorite peritectic P 1 (Opx þ Cpx þ Pl ¼ L þ Ol) giving rise to rocks with trace amounts of interstitial orthopyroxene. A good example of this case is the $30 Noril'sk-type differentiated mafic/ultramafic intrusions of northern Siberia, Russia (Czamanske et al., 1995; Krivolutskaya et al., 2001; Latypov, 2002 Latypov, , 2007 . To sum up, there are numerous examples of intrusive bodies formed from magmas of silica-undersaturated, olivine basalt composition. Such intrusions are commonly distinguished by trace amounts of interstitial orthopyroxene (e.g. Noril'sk-type intrusions) or nepheline (e.g. many of the Skye intrusions) or by the absence of both of these minerals (e.g. the Pechenga intrusions). Despite the absence of residual granitic rocks, these intrusions are all markedly differentiated, as indicated by their crystallization sequences (Fig. 3) .
There are also several instances of basaltic magmas that fail to produce granitic rocks, despite the absence of phase equilibria obstacles. The simplest case is when magmas need to experience almost perfect fractional crystallization to reach the granitic eutectic. However, perfect fractional crystallization is practically never achieved in nature. This is indicated by the common occurrence of orthoand mesocumulates in mafic^ultramafic intrusions, implying that interstitial liquid (up to 25^40 vol. %) remains buried in the cumulate pile (Wager & Brown, 1968) . In practice, this means that some basaltic magmas that (Yoder & Tilley, 1962) . The evolution of the basaltic magma compositions parental to the Skye mafic sills and Pechenga intrusions towards the granitic eutectic (E 1 ) is forbidden by phase equilibria, resulting in the absence of residual granitic rocks in these intrusions (Fig. 3) . The evolution of basaltic magma compositions parental to Noril'sk-type intrusions towards the granitic eutectic (E 1 ) is theoretically possible, but cannot be practically realized because of imperfect fractional crystallization. Their parental magmas reach only the olivine gabbronorite peritectic P 1 (Opx þ Cpx þ Pl ¼ L þ Ol) during the crystallization of trapped liquid, giving rise to rocks with trace amounts of interstitial orthopyroxene. Phase diagrams are from Dubrovskii (1998) 
Cotectic and reaction lines are indicated by one and two arrows, respectively. Arrows point toward decreasing temperature. Hereafter in figures and text: E, eutectic point; P, peritectic point; L, melt. Data for compositional fields from the following sources: Noril'sk-type intrusions, Latypov (2002 Latypov ( , 2007 ; Pechenga intrusions, Latypov et al. (2001) ; Skye sills, Gibson & Jones (1991) and Gibb & Henderson (2006) . Fig. 3 . Stratigraphic sections and cumulate stratigraphy through three mafic^ultramafic sills: Talnakh sill, Siberia, Russia; Pilguja« rvi sill, Fennoscandian Shield, Russia; and Shiant Isles Main sill, NW Scotland. The sills show no residual granitic rocks because they crystallized from parental magmas of silica-undersaturated, olivine basalt composition (Yoder & Tilley, 1962 ) whose evolution towards a granitic composition is either forbidden by phase equilibria (Shiant Isles Main sill and Pilguja« rvi sill) or unlikely because of imperfect fractional crystallization (Talnakh sill) (Fig. 2) . The fact that granites are absent from these intrusions cannot, therefore, be used to argue that the intrusions are 'structureless and undifferentiated', as implied by the hypothesis 'no phenocrysts, no post-emplacement differentiation' . All these intrusions are well differentiated, as clearly indicated by their crystallization sequences. The thick continuous and thin discontinuous lines indicate cumulus and intercumulus minerals, respectively. Data from the following sources: Talnakh could theoretically have produced, say, 5^10 vol. % of granitic rocks, fail to do so because most of the residual granitic liquid is dispersed throughout the cumulate pile. As an illustration, the parental magmas to many layered intrusions are characterized by a crystallization trend of
However, imperfect fractional crystallization results in rock sequences in these intrusions commonly being completed by gabbronorite or pigeonite gabbro. Numerous mafic^ultramafic sills and layered intrusions worldwide belong to this group: among them are the Monchegorsk, Penikat, Portimo, Kemi, Burakovka layered intrusions (Alapieti & Lahtinen, 2002) , Mound Sholl, Munni Muni, Radio Hill and Andover layered intrusions (Hoatson & Sun, 2002) , Great Dyke, Bushveld and Stillwater Complexes (Cawthorn, 1996) , and many others all around the world. It should be stressed that, despite the lack of mappable residual granites, all these intrusions are well differentiated, as indicated by their crystallization sequences. One typical example of such an intrusion, the Karikjavr layered intrusion, Russia, is illustrated in Fig. 4 . Its differentiated nature is evident from the stratigraphy, comprising, from bottom to top, Ol cumulates (dunite), Opx cumulates (orthopyroxenite), Opx þ Cpx cumulates (websterite), and Opx þ Pl þ Cpx cumulates (gabbronorite).
On the other hand, there are many examples of maficû ltramafic sills and layered intrusions that have residual granitic or quartz syenitic rocks and whose existence is ignored by the hypothesis. They include, among others, the Akanvaara, Koitelainen, and Keivitsa layered intrusions (Mutanen, 1997) , the Bjerkreim^Sokndal and Fongen^Hyllingen layered intrusions (Wilson & SÖrensen, 1996; , and Muskox layered intrusion (Irvine & Smith, 1967) . The ultramafic and mafic zones of these intrusions are culminated by several hundred metre thick granophyre or quartz syenitic units that represent the products of late-stage crystallization of residual liquids. The tholeiitic parental magmas of these intrusions have apparently reached the granitic/syenitic eutectic. Based on the specific definition of magmatic differentiation (Marsh, 1988 (Marsh, , 1996 (Marsh, , 2006 , these bodies should be classified as well differentiated. As an illustration, a section through the uppermost megacyclic unit of the Bjerkreim^Sokndal layered intrusion, Norway, is illustrated in Fig. 5 . This 43 km thick megacyclic unit displays a continuous stratigraphic transition from mafic rocks (troctolites, norites and gabbronorites) to felsic residual rocks (mangerite, quartz mangerite and charnockite). There is no evidence for mineral compositional breaks between mafic and felsic rock sequences, indicating closed-system fractionation of basic (jotunitic) magma from the troctolitic cotectic with only three liquidus phases to a granitic eutectic with up to 10 liquidus phases (Wilson & Overgaard, 2005) . The extensive fractional crystallization was accompanied by some assimilation (Tegner et al., 2005) , but such intrusions provide irrefutable evidence that basic magmas commonly fractionate towards the granitic eutectic when parental magma composition and cooling conditions are appropriate. Fig. 4 . Stratigraphic section and cumulate stratigraphy through the Karikjavr layered intrusion, Fennoscandian Shield, Russia. The intrusion shows no residual granitic rocks because fractional crystallization of the basaltic parental magma was not effective enough to reach the granitic eutectic. It should be emphasized, however, that despite the lack of residual granitic rocks, the intrusion is markedly differentiated as indicated by its crystallization sequence. The thick continuous lines indicate cumulus minerals. Data from Bakushkin (1983) .
To sum up, the evolution of many basaltic magmas towards a granitic composition is forbidden by phase equilibria (e.g. Skye sills and Pechenga intrusions, Fig. 3 ). Many basaltic magmas can evolve towards granitic compositions only with near-perfect fractional crystallization. But because such conditions are rarely achieved in nature, such magmas do not commonly produce residual granitic rocks (e.g. Karikjavr layered intrusion, Russia, Fig. 4 ). Some magmas with sufficient initial silica do produce residual rocks of granitic composition (e.g. BjerkreimŜ okndal layered intrusion, Norway, Fig. 5 ). The major implication is that it is misleading to use the absence or presence of granitic rocks in mafic^ultramafic intrusions as an indicator of the extent of their magmatic differentiation.
Misapplication of indices of magma differentiation
Since the pioneering experiments of Norman Bowen, it has been firmly established that the best index of magmatic differentiation of basaltic liquids is the successive appearance of liquidus phases upon crystallization (e.g. Ol, Opx, Opx þ Pl, Opx þ Pl þ Cpx). Another important index of magmatic differentiation is the progressive change in composition of these solid solution minerals towards lowtemperature end-members (e.g. olivine Fo 80^F o 20 ; plagioclase An 80^A n 20 ). Yet another very sensitive index of Fig. 5 . Stratigraphic section and cumulate stratigraphy through the uppermost megacyclic unit IV (MCU IV) of the Bjerkreim^Sokndal layered intrusion, Fennoscandian Shield, Norway. The megacyclic unit displays a remarkably continuous transition from primitive rocks (troctolites, norites and gabbronorites) to evolved residual rocks (mangerite, quartz mangerite and charnockite). There is no evidence of mineral compositional breaks in MCU IV rock sequences, indicating closed-system fractional crystallization of basic magma. The existence of such intrusions represents irrefutable evidence that basic magmas may freely fractionate towards the granitic eutectic with an appropriate parental magma composition and suitable cooling conditions. The thick continuous and discontinuous lines indicate the cumulus (liquidus) and intercumulus minerals, respectively. Data from . magmatic differentiation is the behaviour of highly compatible (e.g. Cr, Ni) and incompatible [e.g. rare earth elements (REE), Zr, Y] trace elements. However, none of these conventional indices of magmatic differentiation are used to assess the internal differentiation of mafic sills in papers supporting the hypothesis. This is particularly evident in the study of the Peneplain Sill, Antarctica (Marsh & Wheelock, 1994; Marsh, 1996) , a matter that has already been covered by Latypov (2003a) and Latypov et al. (2007) . In short, the 'undifferentiated' nature of this mafic sill has been illustrated by stratigraphic variations of three major oxides, SiO 2 , MgO and CaO (Fig. 6) , which are very poor indices of magmatic differentiation in magmas of near-eutectic composition (see below). There is little doubt that the sill will reveal clear signs of cryptic layering if more diagnostic indices of magmatic differentiation are used instead of the reported oxide variations. This confident assertion derives from the observation that, even from oxide variations, the Peneplain Sill has a very welldeveloped marginal reversal that exhibits a clear progression from about 4 wt % MgO in the chilled margin towards 7 wt % MgO at a height of about 100 m (Fig. 6 ). This maximum is followed by a slight, but steady, decrease in MgO throughout the central portion of the sill to 5 wt % at a height of about 300 m. These data are fully consistent with the observations of Gunn (1962) , who found an increase in normative An from 61 to 67% in the marginal reversal, and a clear decrease from 67 to 57% in the central portion of the Peneplain Sill. Unfortunately, despite the repeated use of this sill in support of the hypothesis (e.g. Marsh & Wheelock, 1994; Marsh, 1996 Marsh, , 2000 Hort et al., 1999) , the whole-rock geochemical data for this body are still not published, and readers cannot form their own opinion about the compositional profile through the Peneplain Sill.
To sum up, reliance on inappropriate indices of magmatic differentiation, together with disregard of geochemical data, do not provide sufficient evidence for the 'undifferentiated' nature of mafic sills, such as the Peneplain Sill, Antarctica. Inability to recognize compositional zoning in such sills is most probably a consequence of the inappropriate choice of parameters to illustrate liquid differentiation rather than the absence of differentiation itself.
Misuse of evidence to illustrate the widespread occurrence of undifferentiated intrusions
It is curious to note that the whole idea about the widespread existence of undifferentiated mafic^ultramafic intrusions essentially stems from the study of a single specific bodyçthe Peneplain mafic sill, Antarctica. Close examination of the modal and chemical composition of this sill (Fig. 6 ) and other mafic sills (Latypov, 2003b (Latypov, , p. 1627 clearly indicates, however, that they crystallized from parental basaltic magmas of near-eutectic
This gives an immediate answer as to why these mafic sills show only slight modal and major element variations: their parental magmas simply have very little ability to differentiate further as they already represent near-eutectic residual liquids of mantle-derived magmas. The near-eutectic compositions of parental magmas of mafic sills do not allow them to produce an extended range of compositions along a liquid line of descent (apart from variations related to appearance of such minor phases as apatite or ilmenite). In principle, the entire sections of mafic sills formed from such near-eutectic parental magmas must consist of cotectic pl^opx^cpx (gabbronorite) or pl^cpx^ol (olivine gabbro) rocks, closely corresponding to the parental magma composition. It is therefore no wonder that magmatic bodies up to hundreds of meters thick may show little evidence of internal differentiation in terms of mineral assemblages (but still show variations in mineral compositions and trace element concentrations). All the examples of mafic sills that are cited by Mangan & Marsh (1992, pp. 606^607) as 'undifferentiated, showing no cumulates and no systematic significant vertical chemical zonation' essentially crystallized from near-eutectic parental magmas. To use magmatic bodies formed from such magmas as a basis for claiming the universal existence of undifferentiated intrusions is therefore misleading.
Special consideration must be given to the Sudbury Intrusive Complex, as it has been recently cited as ' dramatic confirmation of the null hypothesis, namely, that magma emplaced instantly and free of crystals crystallizes into a nearly homogeneous sheet' (Zieg & Marsh, 2005 , p. 1446 . Sudbury is an intrusive body that was produced in a matter of minutes by a meteorite impact. Because the initial melt was heated to at least 17008C, it was initially free of phenocrysts (Zieg & Marsh, 2005) . For this reason this body is exceptionally suitable for testing the hypothesis 'no phenocrysts, no post-emplacement differentiation' . The hypothesis predicts that the complex must be featureless and undifferentiated. The available data suggest, however, otherwise (Fig. 7) . From bottom upwards, Sudbury is composed of five major units: sublayer, mafic norite, felsic norite, quartz gabbro, and granophyre, indicating a remarkable progressive fractionation of a parental magma along a crystallization trend:
The successive appearance of cumulus phases is marked by significant changes in the major, minor and trace element composition of the bulk rocks. For instance, the appearance of cumulus plagioclase is marked by a decrease in MgO (Fig. 7) ; cumulus clinopyroxene by an increase in CaO and Sc; cumulus magnetite by an increase in Fe 2 O 3 ; cumulus apatite by an increase in P 2 O 5 ; cumulus Fig. 6 . Generalized stratigraphic section (a) through the Peneplain Sill (Antarctica) showing variations in whole-rock SiO 2 , MgO, and CaO and cumulate stratigraphy with height. It has been interpreted as an undifferentiated intrusion by Marsh (1996) . The intrusion comprises a marginal reversal and a layered series. The line of demarcation between these units runs through the crossover maximum exhibiting the highest MgO content in the entire section through the sill. The figure highlights two major points. First, the 'undifferentiated' nature of the sill is illustrated with inappropriate indices of magmatic differentiation. Instead of oxide variations, variables such as whole-rock Mg-number, An(norm), highly incompatible element concentrations, or mineral compositions should be used to illustrate compositional variations. Second, the sill reveals no phase and modal layering because it crystallized from a parental magma with gabbronoritic composition that represents a near-eutectic residual liquid of a mantle-derived magma (b). The parental magma composition is deduced from petrography because the original geochemical data for the Peneplain Sill remain unpublished. (See text for further discussion.) Modified after Marsh (1996). ilmenite by an increase inTiO 2 ; cumulus alkali feldspar by increases in K 2 O and Rb; cumulus quartz by an increase in SiO 2 (Lightfoot et al., 2001; Therriault et al., 2002; Zieg & Marsh, 2005) . The disappearance of cumulus orthopyroxene in the quartz gabbro is related to a peritectic reaction with primary igneous amphibole (Therriault et al., 2002) . This crystallization sequence is accentuated by notable systematic changes in all indices of magmatic differentiation. In particular, the mafic part of the complex (mafic norite, felsic norite and quartz gabbro) reveals a significant upward decrease in whole-rock MgO and Mgnumber from about 16 to 3 wt % and from 70 to 30, respectively ( Fig. 7 ; Lightfoot et al., 2001) , as well as a decrease in the anorthite content of plagioclase from about An 70 to An 35 (Therriault et al., 2002) and in Mg-number of pyroxenes from about 80 to 50 (Naldrett et al., 1970) . In addition, a basal sublayer reveals a well-developed reverse fractionation trend in terms of all the above-mentioned parameters (e.g. Naldrett et al., 1970; Pattison, 1979) and can therefore be regarded as a marginal reversal, a typical feature of most mafic^ultramafic intrusions (Latypov, 2003a) .
The regular geochemical and mineralogical variations from the felsic norite through the quartz gabbro to granophyre have been interpreted as strong evidence for the crystallization of Sudbury from a single melt system (Therriault et al., 2002) . A systematic increase in abundance of REE and the substantial uniformity in REE patterns between the Sudbury lithologies (Therriault et al., 2002) , remarkably homogeneous incompatible trace element ratios in the entire section (e.g. Ce/Yb, Th/Nd; Lightfoot et al., 2001) , the oxygen isotope compositions (Ding & Schwarcz, 1984) , sulphur isotope ratios (Thode et al., 1962) , homogeneity in Os, Pb, Sr and Nd isotope compositions (Faggart et al., 1985; Dickin et al., 1999) , and compositional variations in apatite (Warner et al., 1998) are also strongly indicative of a single melt system. The evidence therefore seems very clear: the Sudbury Intrusive Complex is a well-differentiated mafic body produced by fractional crystallization of a single melt system (Fig. 7) .
To prove the opposite, Zieg & Marsh (2005) undertook the following steps:
(1) the mafic norites (along with the sublayer) that are characterized by the most primitive compositions were excluded from the section without any justification; (2) the crystallization sequence showing the successive appearance in the stratigraphy of eight liquidus phases Pl, Cpx, Am, Mag, Ap, Ilm, Kfs and Qtz was ignored; (3) systematic changes in geochemical indices of magma differentiation were either left without comment (e.g. whole-rock MgO, REE) or these indices were not used at all (e.g. whole-rock Mg-number, normative An%); (4) systematic changes in mineral compositions (e.g. An in plag, Mg-number in pyroxenes) across the mafic part of the complex (based on previous studies) were not included in the petrogenetic consideration; (5) without providing any mineralogical, geochemical, and petrological evidence, the complex was divided into felsic norite and granophyre layers that were stated to have formed from two separate magmas crystallizing inwards from the margins, with quartz gabbro representing a rock formed at the level where the two solidification fronts finally met.
Attention was then focused on two layers of felsic norite and granophyre, which, when viewed separately, show limited compositional variations in terms of some oxides (e.g. SiO 2 , Na 2 O, TiO 2 , P 2 O 5 ). The conclusion was reached that these two layers are essentially uniform in composition and that the complex itself is therefore not differentiated. This was taken as strong evidence that phenocryst-free basaltic and granitic magmas are not able to differentiate in crustal chambers. It is hardly possible to agree with such a reinterpretation of the complex, as even a passing look at MgO and Mg-number variations across the mafic part of the complex (Fig. 7) shows that it is far from being 'essentially uniform in composition' (Marsh, 2000, p. 197) . In general, this is an instructive example of how a world-famous, well-differentiated intrusion can be transformed into an 'undifferentiated' body by manipulation of the available data. Using such methods any layered differentiated intrusion can be reinterpreted as 'featureless and undifferentiated' . Such artificially created 'undifferentiated' bodies do not, however, provide evidence in favour of the widespread occurrence of featureless, undifferentiated intrusions.
To conclude, the postulate that undifferentiated mafic intrusions are ubiquitous is a myth that has emerged from incorrect interpretations of the concept of magmatic differentiation, the non-application or inappropriate application of indices of magmatic differentiation, and the inappropriate use of petrological evidence. No convincing examples giving support to this postulate have been presented. In reality, when examined in detail, all magmatic bodies ranging in size from several dozen meters to several kilometres thick that are formed from parental magmas of non-eutectic basaltic composition show more or less welldeveloped magmatic differentiation trends in terms of crystallization sequences, mineral compositions (e.g. An in plag, En in cpx) and compatible/incompatible trace element geochemistry (e.g. Mg-number, Cr). This is illustrated using three examples of well-differentiated intrusive bodies with different sizes: (1) the 45 m thick Ivanovskii mafic sill; (2) the 660 m thick Basistoppen mafic sill; (3) the 2250 m thick Kivakka layered intrusion (Fig. 8) . I argue that there are practically no undifferentiated plutonic bodies; there are only poorly or improperly studied ones. Even thin mafic dykes, just a few centimeters thick, when studied in detail, may show remarkably welldeveloped internal differentiation (e.g. Chistyakova & Latypov, 2009a) .
Postulate 2: Phenocryst-free basaltic magmas are not able to differentiate in crustal chambers
This postulate is intended to provide a simple physical explanation for the previous one. It implies that the main magma body of all sill-like intrusions formed from magma initially free of phenocrysts undergoes very little, if any, differentiation (Mangan & Marsh, 1992, p. 618; Marsh, 1996, pp. 11^13; Zieg & Marsh, 2005, p. 1445; see also quotes above). This is because intrusive bodies largely cool by conduction, with no compositional or temperature change in the bulk magma until the arrival of the solidification front. The hypothesis allows only one specific mechanism that leads to so-called bimodal magma differentiation (Marsh, 1996 (Marsh, , 2002 . It involves gravity instability and collapse of the upper solidification front that results in segregations of interstitial liquid from rocks to form coarse-grained silicic lenses in the upper portions of large diabase sills, lava lakes and gabbroic intrusions. The mechanism is of little interest to the present discussion as it does not concern differentiation of the main body of magma in the chamber.
According to the hypothesis, the magma in the chamber does not differentiate for three major reasons: (1) all evolved interstitial liquid is trapped within solidification fronts; (2) all crystals falling from the roof are dissolved in the hotter magma below; (3) convection is absent in the main magma body. Close inspection of these three assumptions shows that none of them is valid.
The statement that all evolved interstitial liquid is buried in cumulate rocks has not been supported by any petrographic data from actual intrusions (Marsh, 1996 (Marsh, , 2006 . Meanwhile, the statement is at sharp variance with textural observations from most mafic sills, and especially layered intrusions. If the statement were true, noncumulate rocks with more than 40^50 vol. % of interstitial material would be the dominant rock type in such plutonic bodies. This is clearly not the case. The common occurrence in layered intrusions of meso-to adcumulates with 7^25 vol. % and 0^7 vol. % of interstitial material, respectively, (e.g. Wager & Brown, 1968; Parsons, 1986; Cawthorn, 1996) strongly indicates that most interstitial liquid must have somehow been expelled from the cumulate pile into the main magma body. Transfer of this interstitial liquid may have been achieved by processes such as diffusion (e.g. Morse, 1986a) , compaction (e.g. Shirley, 1987; Meurer & Boudreau, 1998a , 1998b ) and compositional convection (e.g. Sparks et al., 1984; Morse, 1986a; Jaupart & Tait, 1995; Tait & Jaupart, 1996) . If so, mixing of interstitial liquid with the main magma body must inevitably result in magmatic differentiation and crystallization of rocks with progressively evolving composition.
The statement that all crystals falling from the roof are dissolved while settling through the hotter central region of a magma chamber is based on numerical calculations, not on any direct observations of magma itself (Mangan & Marsh, 1992; Marsh, 1996) . There are two major problems with these calculations. First, these papers fail to make reference to earlier, more rigorous numerical modelling by a research group led by the fluid dynamicist and thermodynamicist M. Y. Frenkel' . These workers demonstrated that crystals settling from the roof may survive resorption and reach the bottom, resulting in pronounced differentiation even in small mafic sills of about 100 m thick. This happens because the dissolution of the leading portions of settling crystals causes a marked decrease in the temperature of the melt that allows the following portions of crystals to undergo progressively less dissolution, finally reaching the temporary floor of the chamber (Frenkel' & Yaroshevsky, 1978; Koptev-Dvornikov et al., 1979; Frenkel' et al., 1988 Frenkel' et al., , 1989 . Because later, conflicting results by Mangan & Marsh (1992) have not been compared with the earlier ones, they cannot be considered as rigorously proven. Second, there is another, much more effective way, of delivering crystals from the roof to the floor that allows crystals to escape resorption in the hotter magma and lead to differentiation. This is two-phase convection (Grout, 1918 ) that involves crystal þ liquid suspensions that can move through the magma several orders of magnitude faster than small, single crystals can settle (Morse, 1986a (Morse, , 1986b Trubitsyn & Kharybin, 1997) . The standard causal cycle here is as follows: heat loss through the roof, nucleation, two-phase convection, transport of the two-phase packet or plume to the floor, growth of crystals on the floor, compositional convection of light solute, and as a result, fractionation of magma in the chamber (e.g. Irvine, 1980; Morse, 1986a Morse, , 1986b Morse, , 1988 Irvine et al., 1998) .
The statement that convection is non-existent in magma chambers comes from experimental data indicating that thermal convection ceases as soon as the liquid loses its superheat and reaches its liquidus temperature (Brandeis & Marsh, 1989 . Because most natural magmas are not superheated, the conclusion is made that crystallization should take place in crustal chambers from almost stagnant magmas (Marsh, 1989 (Marsh, , 1991 . Such reasoning is flawed because it ignores the fact that thermal convection is not the only type of convection operating in crustal magma chambers. There is another, and much more effective, type of convectionçcompositional convection, which has been intensively studied petrologically, theoretically and experimentally for several decades (e.g. Morse, 1969 Morse, , 1982 Morse, , 1986a Sparks et al., 1984; Jaupart & Tait, 1995; Tait & Jaupart, 1996) . Compositional convection is caused by density instabilities arising in (1) a thin chemical boundary layer just above the mush, or (2) the interstitial liquid within the mush layer (Jaupart & Tait, 1995) . The implication of these studies is that compositional convection alone can keep a magma body in vigorous convection and be an effective factor in magmatic differentiation [see detailed discussion by Campbell (1996) ].
It may be instructive to examine the reasoning that underlies the second postulate. Essentially, it comes from the belief that what is true for lava lakes and flows must be also valid for sills and layered intrusions. To give an example, at Kilauea compositionally primitive (picritic) magmas charged with olivine crystals evolve chemically by dropping out olivine. Their composition evolves from $25% MgO and 49% SiO 2 to $7% MgO and 52% SiO 2 (Marsh, 1996) , and then suddenly stops changing. Crystal fractionation ceases. Nothing approaching rhyolite or even dacite appears. Why? The answer that is given is that fractionation stops because the rate of advance of the solidification front is high enough to hamper the return of interstitial liquid into the main mass of magma (Marsh, 1996) . This seems entirely plausible because the cooling of lava lakes is a relatively fast process, but this conclusion is then applied to all plutonic bodies regardless of size (Marsh, 2006) . This is a crossover point at which a statement that is applicable for volcanic petrology loses validity when applied to plutonic petrology. Plutonic bodies, such as mafic sills and layered intrusions, crystallize and solidify hundreds to thousands of times slower than lava lakes and flows. This permits the operation of processes that are almost non-existent in volcanic bodies, such as compaction and compositional convection, which allow the effective return of evolved interstitial liquid from the cumulate pile into the main magma body (Sparks et al., 1984; Jaupart & Tait, 1995; Campbell, 1996) , allowing it to differentiate. The important lesson to be learned from this case was formulated by Morse (1988, p. 222) : 'One repeatedly learns that layered intrusions are not volcanoes and that many plutonic systems are unlike vented systems. It is, therefore, not prudent to reason backwards from volcanoes to explain layered intrusions, for then everything begins to look like a volcano. '
To sum up, the postulate that phenocryst-free basaltic magmas are not able to differentiate in crustal chambers is physically ungrounded. The evidence from the rocks themselves unequivocally tells us that an essential portion of evolved interstitial liquid is expelled from the cumulate pile. Mixing of this liquid with the resident magma must cause it to fractionate, especially when the magma in the chamber is kept in vigorous motion by compositional or other forms of convection. The ubiquitous occurrence in nature of differentiated magmatic bodies (Figs 3^6) itself provides irrefutable evidence that basaltic magmas can, and do, evolve in crustal chambers. The most glaring disproval of the postulate comes from the Sudbury Intrusive Complex. The Sudbury testimony is very clear: phenocryst-free magmas are able to freely fractionate in crustal chambers to form well-differentiated intrusions that show remarkable phase, modal and cryptic layering (Fig. 7) .
Postulate 3: Layered intrusions form by successive emplacement of phenocryst-laden magma pulses Layered intrusions show very well-developed internal differentiation that must somehow be explained. It has been suggested that large 'exotically layered' intrusions are accidental mechanical accumulations of 'tramp crystals' that are brought in with prolonged pulses of magma derived from underlying magmatic mush column(s):
'What, then, are the conditions that give rise to large, exotically layered, sheet-like intrusions such as Bushveld, Stillwater, or Dufec? The most obvious answer is that these bodies form from exactly the opposite initial conditions: i.e., magma amassed through a long series of injections of compositionally similar magmas carrying highly variable amounts of crystals of significant average size. The larger the volume of the ultimate magma chamber, the more protracted and varied the sequence and nature of the individual injections required to fill it. ' (Zieg & Marsh, 2005 , p. 1446 .
It is thus not slow cooling and fractional crystallization, as conventional models imply, but the number and nature of magmatic pulses that lead to the 'exoticness' of layered intrusions.
In other words, the layered intrusions are not remarkable natural laboratories that have long been providing us with invaluable information about the ways magma fractionates with cooling and crystallization, but simple physical containers in which numerous magma pulses arriving from unknown deep sources dump detrital crystals. This latter interpretation provides no place for such fundamental concepts of igneous petrology as parental magma composition, liquidus phase equilibria, phase crystallization sequences, mineral solid solutions, etc. They are all ignored. One can hardly accept such an ungrounded reinterpretation of classical objects, as it takes us back to the dark ages of pre-Bowen igneous petrology, when little was known about the governing role of liquidus phase equilibria in magmatic differentiation. Ironically, the fatal flaw of this explanation is that it is excluded by the hypothesis itself. The second postulate states that phenocryst-free magmas cannot differentiate in intrusive chambers. From this one can immediately infer that such magmas cannot differentiate in any subchamber related to the entire underlying magmatic mush column(s). From whence can we then obtain magmas with compositionally different phenocrysts to form layered intrusions? This question has not yet been addressed.
The invalidity of the third postulate becomes especially obvious when applied to specific cases of differentiated bodies. Let us consider that most classical object of igneous petrology, the Skaergaard layered intrusion: this reveals a remarkably continuous and complete crystallization sequence recorded simultaneously in the Marginal Border Series, a Layered Series and an Upper Border Series (Fig. 9a) . The various zones of the Skaergaard record the progressive fractional crystallization of the original tholeiitic basalt magma. Each zone is defined by the addition of a new cumulus phase (e.g. Cpx, Mag, Pig, Ap, and FeBust) or by temporary removal of an already crystallizing phase (e.g. Ol and Pig) as a result of a peritectic reaction with the magma. The mineral solid solutions also show systematic and extreme compositional changes upward in the Layered Series, reflecting the internal changes in temperature and composition with the magma chamber (Wager & Brown, 1968) . As the second postulate does not allow magmas to differentiate in the chamber, then the appearance and disappearance of each liquidus phase must be related to a new emplacement of magma with the required phenocryst assemblage. The Layered Series of the Skaergaard intrusion would thus require the successive emplacement of at least eight separate magma pulses carrying different assemblages of phenocrysts that now occur as cumulus phases in these zones (Fig. 9a) : the first magma pulse carried olivine and plagioclase phenocrysts, the second magma pulse had olivine, plagioclase and clinopyroxene phenocrysts, and so forth. Marginal Border Series at the wall. The two fronts of crystallization converged at the Sandwich Horizon (SH). The figure shows that formation of the Layered Series of the intrusion in the frame of the hypothesis 'no phenocrysts, no post-emplacement differentiation' requires the successive emplacement of at least eight separate magma pulses, each carrying a different assemblage of phenocrysts from eight independently operating magmatic mush columns. It should be noted that to produce the phase equilibria-controlled rock sequence of the Layered Series, the magma pulses must be emplaced strictly in the sequence from (1) to (8). However, as multiple magma emplacement is an unpredictable process, one can envisage a huge variety of hypothetical Layered Series with chaotic compositional profiles that can be produced from random intrusion of phenocryst-laden magma pulses from eight independently operating magmatic mush columns. None of them will be related to the phase equilibria-controlled rock sequence of the Layered Series of the Skaergaard intrusion. For illustration, one of such hypothetical Layered Series is presented in (b). Diagram is not to scale and is based on McBirney (1996) . Fig. 10 . Stratigraphic section, compositional variations and cumulate stratigraphy through the Basistoppen mafic sill, Greenland (a). The figure shows that formation of the sill in the frame of the hypothesis 'no phenocrysts, no post-emplacement differentiation' requires the successive emplacement of at least five separate magma pulses, each carrying a different assemblage of phenocrysts, derived from five independently operating magmatic mush columns. It should be noted that to produce the phase equilibria-controlled rock sequence of the Basistoppen sill, the magma pulses must be emplaced strictly in the sequence from (1) to (5). However, as multiple magma emplacement is an unpredictable process, one can envisage a huge variety of chaotically layered mafic sills that can be produced from the random intrusion of phenocrystladen magma pulses from five independently operating magmatic mush columns. None of them will resemble the rock sequence developed in the Basistoppen sill. For illustration, one such 'random' mafic sill is presented in (b). Data from Naslund (1989) .
These magma pulses cannot apparently be derived from a single magmatic mush column, as it can contain only one particular phenocryst assemblage (e.g. olivine and plagioclase phenocrysts). This is because the second postulate not only forbids differentiation of magmas in the intrusion chamber but also forbids differentiation in the entire magmatic mush column. If so, magmas with different assemblages of phenocrysts can only be derived from separate magmatic mush columns. For the case of the Layered Series it requires the simultaneous operation of at least eight independent magmatic mush columns with compositionally different phenocrysts. This is not the end of the story, however. Each of these magma pulses would bring into the chamber phenocrysts of only one specific composition that upon settling will produce a homogeneous cumulate layer. How then can the fact that the minerals within each cumulate zone tend to show progressive upward changes in composition be explained? This question is not addressed by Marsh and his co-workers, but one can imagine the answer: namely, successive emplacement of magma pulses carrying phenocrysts of the same assemblage (e.g. olivine and plagioclase) that become more evolved with time. To provide the observed smooth changes in mineral compositions, one would need very many small magma pulses even to produce a single zone, and many more to produce the entire sequence of the Layered Series. Thousands of such phenocryst-laden injections are thought to have been involved in the formation of large layered intrusions (Marsh, 2000, p. 203) .
It should be noted that the upward progression in mineral and rock compositions of the Layered Series entirely corresponds to what can be expected from the fractional crystallization of a single pulse of tholeiitic magma controlled by phase equilibria (e.g. Thy et al., 2006) . To reproduce such a sequence by multiple emplacements, thousands of pulses must be intruded in a sequence strictly consistent with liquidus phase equilibria. It is sufficient to have only one magma pulse emplaced out of the correct order to fail to produce a section of the Layered Series. Following this logic one can envisage an abundance of hypothetical Layered Series with chaotic compositional profiles that were produced by the random intrusion of phenocryst-laden magma pulses from eight independently operating magmatic mush columns. As an illustration, one such hypothetical Layered Series is presented in Fig. 9b . Its chaotic compositional profile is in striking contrast to phase equilibria-controlled sequence of the Layered Series of the Skaergaard intrusion (Fig. 9a) . In addition, one can also question the very existence of magmatic mush columns with highly evolved assemblages of the liquidus minerals observed in these bodies (e.g. plagioclase, ferrobustamite, magnetite, apatite and iron-rich olivine in the UZc). Such an evolved magma cannot be derived directly from a mantle source. It can only be produced by protracted differentiation of basaltic magma under crustal chamber conditions, which, ironically, are forbidden by the second postulate.
It has been argued, however, that the Skaergaard intrusion is not an appropriate body for testing the hypothesis because of the important role played by its steep side walls, which are not integral to the model of sheet-like magma chambers (Marsh, 1990, p. 849) . Let us consider, therefore, the 660 m thick Basistoppen mafic sill (Fig. 10a) , which is believed to have been emplaced as a single pulse of magma in the upper part of the Skaergaard layered intrusion (Naslund, 1989) . Despite its small size, the Basistoppen sill has one of the most extensive differentiation sequences known. It is composed of five major units that record the progressive fractional crystallization of the basaltic parental magma as predicted by liquidus phase equilibria. Each zone is defined by the appearance of a new cumulus phase or by the temporary disappearance of olivine as a result of peritectic reaction. From the base upward these zones are: a Gabbro Picrite Zone, containing cumulus olivine and Fe^Cr spinel (two cumulus phases); a Bronzite Gabbro Zone, containing cumulus orthopyroxene, clinopyroxene and plagioclase (three cumulus phases); a Pigeonite Gabbro Zone, containing cumulus plagioclase, clinopyroxene, pigeonite, and magnetite (four cumulus phases); a Fayalite Gabbro Zone, containing plagioclase, clinopyroxene, magnetite, ilmenite, apatite and iron-rich olivine (six cumulus phases); and a Granophyre Zone, containing cumulus plagioclase, clinopyroxene, magnetite, ilmenite, quartz and K-feldspar (six cumulus phases). The compositions of olivine, plagioclase and pyroxene change systematically from the bottom to the top of the sill, with the range of solid solution mineral compositions comparable with those in the Skaergaard and Bushveld intrusions.
Applying the logic used for the Skaergaard intrusion, one can infer that the Basistoppen sill was produced by the emplacement of phenocryst-laden magma pulses that became progressively more evolved with time. Five major zones of the Basistoppen sill would thus require the successive emplacement of at least five separate magma pulses with different assemblage of phenocrysts from five simultaneously operating independent magmatic mush columns (Fig. 10a) . To create the observed smooth changes in mineral compositions would require thousands of small magma pulses that become more evolved with time. As in the above case, to reproduce such a sequence by multiple emplacements, pulses must be intruded in a sequence strictly consistent with liquidus phase equilibria: one magma pulse emplaced out of the correct order would destroy the observed sequence. Following this logic one can imagine a huge number of chaotically layered mafic sills that were produced by the random intrusion of phenocryst-laden magma pulses from five independently operating magmatic mush columns. As an example, one of such hypothetical mafic sills is presented in Fig. 10b . Its chaotic compositional profile has nothing in common with the phase equilibria-controlled rock sequence of the Basistoppen sill (Fig. 10a) . Thus, the hypothesis does not work for bodies that are produced in sheet-like magma chambers either.
One more conclusive piece of evidence against the third postulate is provided by the Hasvik layered intrusion, Norway (Tegner et al., 1999) . It shows a remarkable inverse relation between plagioclase An% and whole-rock Sr isotope compositions upsection in a 1Á6 km thick layered sequence evolving from olivine gabbro, through oxide gabbronorite to apatite^oxide norite. This has been interpreted in terms of coupled assimilation and fractional crystallization resulting from a thermal link between the latent heat of crystallization and the heat consumed to heat and melt the surrounding country rocks (Tegner et al., 1999) . This is strong evidence for magma differentiation within the chamber and this is essentially impossible to reconcile with the third postulate. Not only must repeated magma recharge events match the mineral compositions (cryptic layering) and the phase layering, but also the Sr isotope data. In addition, the Hasvik layered intrusion reveals a dearth of modal layering, so there is no evidence for recharge with phenocryst-bearing magmas in the 'logic' of the third postulate.
This discussion would not be complete without mentioning an example of a natural magma body with a chaotic compositional profile. Remarkable examples of such chaotically layered sections are provided by the Rum Complex, NW Scotland, which crystallized as an open-system, silllike chamber that was repeatedly replenished by numerous magma pulses of picritic and basaltic composition (Emeleus et al., 1996) . This resulted in the formation of several mafic^ultramafic cyclic units showing chaotic alternations of peridotite and troctolite layers, indicating little control by phase equilibria (e.g. Renner & Palacz, 1987; Holness & Winpenny, 2008) . This beautifully illustrates how mafic^ultramafic bodies would appear if they were produced by the random emplacement of magma pulses with or without phenocrysts. The fact that this is not the case for the vast majority of mafic sills and layered intrusions indicates that their phase-equilibria controlled sections are not produced by multiple pulses in open-system chambers, but rather by fractional crystallization of magma under closed-system conditions.
To sum up, the postulate that layered intrusions form by the arrival of magmas bearing progressively more evolved loads of phenocrysts is excluded by the hypothesis itself, because it forbids magma fractionation not only in the intrusions, but also in the entire magmatic mush column(s). One might call this situation an epicycle of philosophical delusion. Without being able to separate residual liquid from solid phases, the hypothesis does not allow creation of an evolved phenocryst-free liquid at any depth in the Earth. It cannot produce, in particular, the basaltic liquids of near-eutectic composition that are the parental magmas for most gabbroic sills and intrusions in the world. The bulk composition of magmas arriving in the crust can vary widely but clearly this variability does not arise in the mantle source: separation of crystals from liquids or vice versa must occur somewhere and somehow. That such a process is implied at deep levels and is precluded by the second postulate at shallower levels is a major inconsistency of the hypothesis. The groundless nature of the hypothesis is particularly well illuminated by the Skaergaard layered intrusion and Basistoppen sill, whose compositional profiles are impossible to reconcile with the emplacement of phenocryst-laden magma pulses from magmatic mush column(s). This is because it would require a highly unlikely situation of repeated recharge of magma from underlying mush column(s) that always contains phenocrysts of the right composition to mimic fractional crystallization from a single parental magma. The Skaergaard intrusion and Basistoppen sill can therefore only represent the result of slow cooling and fractional crystallization of magma under closed-system conditions (Wager & Brown, 1968; Naslund, 1989; McBirney, 1996) . This conclusion can be extended, with some reservations, to most differentiated sills and layered intrusions.
C O N C L U S I O N
The analysis above shows that the petrological hypothesis 'no phenocrysts, no post-emplacement differentiation' completely fails the test against observational data from maficû ltramafic sills and layered intrusions. The evidence from the rocks themselves unambiguously disproves this hypothesis. All three major postulates underlying the hypothesis are therefore invalid.
First, the world does not abound with structureless, undifferentiated, mafic^ultramafic intrusions. Apart from those bodies with parental magmas of near-eutectic composition (e.g. Ol þ Pl þ Cpx þ L), all mafic^ultramafic bodies show marked differentiation, especially evident when proper indices of magmatic differentiation are applied (e.g. crystallization sequences, An%, Mgnumber). The lack of residual granitic rocks in maficû ltramafic bodies is not an indication of their undifferentiated nature; this may simply mean that the chemical composition of their parental magmas (e.g. nephelinenormative olivine basalts) was not appropriate for their evolution towards residual granitic melt. The differentiated nature of such mafic^ultramafic bodies is evident from their crystallization sequences (e.g. Ol, Ol þ Pl, Ol þ Pl þ Cpx) and mineral compositional trends (e.g. olivine Fo 80^F o 40 ).
Second, there is nothing to prevent the chemical evolution of the resident magma in a chamber by mixing with evolved interstitial liquid expelled from the underlying cumulate pile. Strong evidence for such interstitial liquid transfer is provided by the common occurrence of mesoand particularly adcumulates in layered intrusions. The chemical evolution of magma in the chamber probably takes place by the combined operation of crystal settling, compaction and compositional convection in the cumulate pile and vigorous convection in the main magma body. Magma in a chamber can be subject to compositional convection, irrespective of the role of thermal convection.
Third, layered intrusions are not mechanical accumulations of 'tramp phenocrysts' of different phase and chemical composition entrained from underlying mush columns. Bodies with such systematic crystallization sequences can only be produced by the fractional crystallization of magma in the chamber. Essentially, instead of solving the problem of layered intrusions directly within a crustal magma chamber, the hypothesis transfers the problem to a deeper level within the Earth. In doing so, it does not explain how phenocryst-laden magmas with the required crystallization sequences (e.g. Ol, Opx, Opx þ Pl, Opx þ Pl þ Cpx) and compositional trends (e.g. olivine Fo 80^F o 20 ) can be produced there and delivered in the correct sequence to form layered intrusions. Moreover, the hypothesis itself clearly excludes the formation of such magmas, as it forbids magma differentiation not only in magma chambers themselves, but also in any sub-chamber related to the entire magmatic mush column(s).
The hypothesis 'no phenocrysts, no post-emplacement differentiation'essentially represents a set of simple physical solutions (no return of interstitial liquid, no convection in the chamber, complete resorption of settling crystals, etc.) to a nonexistent petrological problemçthe widespread occurrence of undifferentiated mafic^ultramafic intrusions. The hypothesis is not valid, as such bodies do not exist in nature and natural magmas are able to differentiate irrespective of whether they contain intratelluric phenocrysts or not. Phenocrysts have nothing to do with the ability of magma to differentiate during cooling and crystallization. The more realistic situation concerning magma differentiation in crustal chambers can be better summarized as ' post-emplacement differentiation forever' . The ultimate test for the hypothesis is provided by the Sudbury Intrusive Complex, which crystallized from a highly superheated and therefore phenocryst-free parental magma, but nonetheless shows remarkable evidence of magmatic differentiation. Ironically, instead of representing 'dramatic confirmation' of the hypothesis (Zieg & Marsh, 2005) , the Sudbury Intrusive Complex, in fact, provides its most potent refutation. The Sudbury testimony is very clear: phenocryst-free magmas are able to freely fractionate in crustal chambers to form well-differentiated intrusions that show pronounced phase, modal and cryptic layering.
The hypothesis 'no phenocrysts, no post-emplacement differentiation' represents an attempt to erect a mathematically sophisticated petrological model for the origin of maficû ltramafic intrusions that fails because it is based on a superficial study of real rocks. Such prerequisite attributes of any successful petrological model as detailed petrographic descriptions, mineral compositional data, wholerock geochemical data, thorough consideration of parental magma composition, mineral crystallization sequences, and liquidus phase equilibria are notably absent from Marsh's papers [the only exception is the recent paper by Be¤ dard et al. (2007) , which appeared long after the formulation of the hypothesis]. As a result, the hypothesis adds little to understanding of real magmatic processes, as it is poorly constrained by actual observations. To prove its validity, the hypothesis is presented in terms of equations and numerical calculations that tend to obscure the understanding of very simple petrological phenomena. It may be noted in this connection that, as the philosophy of science tells us (Platt, 1964, p. 352) : 'manyçperhaps mostçof the great issues of science are qualitative, not quantitative, even in physics and chemistry. Equations and measurements are useful when and only when they are related to proof; but proof or disproof comes first and is in fact strongest when it is absolutely convincing without any quantitative measurements. ' It may be instructive to comment on the likely background that resulted in the appearance of such an extravagant hypothesis. Magmatic differentiation always includes two factorsçchemical and physical. The chemical factor establishes the compositional differences between solid and liquid phases upon crystallization, whereas the physical factor preserves these differences by segregating or fractionating the phases so that they can form distinctive rocks. Ignoring either of them may lead to misleading conclusions. This is what has essentially happened during the formulation of the hypothesis 'no phenocrysts, no postemplacement differentiation': the process of magmatic differentiation was reduced to a simple physical story without consideration of the chemical factor of magmatic differentiation. As a result, it comes into glaring opposition with liquidus phase equilibria, as has been repeatedly illustrated here using many examples of mafic sills and layered intrusions. The hypothesis may probably be valid for volcanic petrology dealing with solidification of lava flows and lava lakes in which the chemical factor of differentiation becomes inefficient because of fast cooling. As for plutonic petrology, it is hardly applicable even for small mafic dykes, let alone sills and layered intrusions. This confident assertion derives from our recent centimeter-scale geochemical study of dolerite dykes, which has revealed that crystal^liquid differentiation processes already operate in dykes less than a half meter thick (Chistyakova & Latypov, 2009b , 2009c . In conclusion, I believe that the future of igneous petrology lies in approaches that combine both the chemical and physical aspects of magmatic differentiation. A good example of such research is the pioneering numerical modelling of several Siberian mafic sills by M. Y. Frenkel and co-authors that was carried out several decades ago (Frenkel' & Yaroshevsky, 1978; KoptevDvornikov et al., 1979; Frenkel' et al., 1988 Frenkel' et al., , 1989 ; see a recent review by Ariskin & Yaroshevsky, 2006) . We should continue research along these lines to assure further progress in our understanding of how magma chambers work.
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